Magnetic domain walls can be moved by spin-polarized currents due to spin-transfer torques. This opens the possibility to use them in spintronic memory devices as, e.g., in racetrack storage. Naturally, in miniaturized devices domain walls can get very close to each other and affect each others dynamics. In this work we consider two separated domain walls in different layers which interact via an interlayer exchange coupling. One of these walls is moved by a spin-polarized current. Depending on several parameters as the current density, the interlayer coupling or the pinning potential, the combined dynamics of the two domain walls can change very strongly allowing, e.g., for a correlated motion of the walls. In addition, more subtle effect appear as a suppression of the Walker breakdown accompanied by an increase of the domain wall velocity.
I. INTRODUCTION
The ongoing miniaturization of electronic devices increases the demand for high density information storage technology. Furthermore, in mobile devices this technology has to be very efficient in terms of energy consumption. A possible way to achieve this is to move magnetic domains on a racetrack memory 1 by an electrical current instead of switching them by a magnetic field. Here, the electrons of a spin-polarized current generate a spin-transfer torque (STT) on the localized moments in the magnetic domains. This mechanism is well understood in terms of adiabatic 2 and non-adiabatic 3 STTs. However, in presence of a spin-orbit interaction further torques may arise 4, 5 which may alter the dynamics of domain walls (DWs) [6] [7] [8] [9] . Furthermore, the effect of the spin texture on the STT itself has to be taken into account, particularly for small structures 10 . Besides these effects, a more ordinary situation arises in the process of miniaturization. The lanes of a racetrack, and with it the magnetic domains, move closer to each other. Thus, these domains are more likely to interact, e.g., by the means of magnetostatic forces [11] [12] [13] [14] [15] [16] or carrier mediated interlayer exchange coupling (IEC) 17, 18 . Even though these interactions may induce unwanted distortions from the single DW behavior, it has also been reported that coupled DWs suffer from the Walker breakdown (WB), a sudden drop of the velocity at a certain current threshold, only at higher current densities compared to single DWs 11, 18 . Also the strength and the sign of the interlayer interaction can be tuned by the thickness of the spacer [19] [20] [21] [22] allowing for tailoring of spin structures including artificial antiferromagnets 23, 24 . In this work we describe the motion of DWs coupled to each other by an interlayer exchange interaction as indicated in Fig.  1 . In contrast to Saarikoski et al. 25 only one of these DWs will be moved by a spin-polarized current while the second DW will only be able to react to the change of the position of the first wall via the IEC. We will present systematic investigations of the dynamics of these two walls in a large parameter space including current density, IEC strength and a pinning potential. Our results generally confirm a possible drag of the second DW as well as a possible suppression of the WB. 
II. MODEL
For the sake of simplicity we restrict the system to two onedimensional layers each containing a ferromagnetic DW described by the magnetic texture M (i) (x, t) = M s n (i) (x, t) with the layer index i = 1, 2. The dynamics of the according textures are calculated by coupled Landau-Lifshitz-Gilbert equations (LLGs)
In this expression H eff is the effective field, α the Gilbert damping parameter, β the non-adiabatic spin transfer torque parameter and J inter the IEC strength. The spin velocity is defined by v s = a 3 PI c 2S |e| , in which P is the current polarization, a the lattice constant, S the spin density and e the elementary electric charge. The first term of the LLG describes the adiabatic precession of the spin around the magnetic field, whereas the second term depicts the damping, the third term includes the adiabatic and non-adiabatic spin transfer torque 3 , which results from the spin polarized current. Finally, the influence of the IEC is characterized by the forth term where each magnetization feels the magnetization of the other DW as an effective field. For finite pinning a critical field/current has to be overcome to move the DW. Above the Walker breakdown, either field-or current-induced, the dependence of the velocity on the field/current gets noisy.
III. RESULTS
In this work, we only treat magnetic Bloch DWs with the initial magnetization profile
Both DWs are coupled ferromagnetically to each other which is, in the classical picture, completely analogous to the antiferromagnetic case when we replace J inter → −J inter and n (2) (x) → −n (2) (x). We fix the parameters such that γH eff = J∂ 2 x n + K n z − K ⊥ n x with λ DW = J/K = 5nm and K ⊥ = K /2. Furthermore, we set the Gilbert damping α = 0.1, the polarization of the spin-polarized current P = 1 and the lattice constant a = 0.5nm that v s = 100m/s ⇔ I c = 1.3×10 11 A/m 2 . All results are achieved by solving the LLG numerically by Runge-Kutta techniques.
A. Current-induced vs field-induced motion
The current-induced dynamics of coupled DWs is basically a complex combined current-and field-induced motion. Many aspects of this combined dynamics may already be understood from the single dynamics which we show in Fig. 2 . It is crucial to keep in mind that the DW's velocity is in general not necessarily proportional to either the magnetic field or the electric current. In particular, in presence of a hard magnetic axis the field-induced motion experiences a WB resulting in a peak of the DW velocity and thus in a decrease of v DW at higher fields. As we will find, this limits the maximum effective coupling between two DWs coupled by a Heisenbergexchange ∝ J inter . Similarly, a current-induced WB also appears when the non-adiabaticity parameter β exceeds the Gilbert damping α. The occurrence of this WB is are strong limitation of the DW velocities achievable by current-induced motion. A prevention of the WB is desirable for an efficient application of DWs in possible devices. These generic features of DW motion are well understood and extensively discussed in, e.g., Refs. 26, 27 . 
B. Pinning
Domain walls under the influence of neither an external field nor an applied electrical current do not move even in absence of a pinning potential within a wire. When two DWs are coupled, however, they either attract or repel each other depending on the sign of J inter . In this work we will only focus on the case of attraction. Thus even for low interactions, two DWs will end at the same position when we simply wait long enough after we switch off the external field or the current. To go beyond these predictable results we introduce an effective pinning potential which changes the easy axis anisotropy to
Of course, pinning will be present in real materials anyway. For the sake of simplicity we choose a periodic Gaussian potential, see Fig. 1 ,
where each Gaussian has a width of w pin and a distance ∆x pin to the next one. Throughout the work, we set w pin = λ DW and ∆x pin = 5λ DW , where λ DW is the DW width. The pinning potentials of the two coupled DWs are identical to each other. The effect of the pinning potential on the dynamics of the uncoupled DWs can be seen in Fig. 2 . We find that a critical field, or current respectively, is needed to move the DWs. As expected, the necessary critical field/current increases with increasing pinning strength V
pin . Note that in the regime of the WB the depinning of the DW gets more unpredictable, i.e., the DW velocities fluctuate strongly. This happens due to the tilting of the DW for α β which allows for an easier depinning 28 . z (x ≈ 0) induced on the first DW by the interlayer coupling depends on the distance of the DWs. Thus, the DWs can adjust the field to an optimal distance to match their velocities in certain limits.
C. Coupled motion
Basically, the coupled motion of two DWs is a combination of a field-and a current-induced motion even though in a rather complex and dynamic way as the external field, i.e., the field created by the IEC, is non-constant in time and space. Despite this more complex behavior, we can still explain the principles of the combined motion in most aspects by the dependencies of the DW velocity shown in Fig. 2 . Initially, the first DW has to be moved by the applied current following essentially the dynamics of the purely current induced motion. Then, it can try to drag the second DW by means of a fieldinduced motion. Basically, three scenarios may arise: (i) the applied current is not sufficient to loosen the first DW from the pinning potential, (ii) the current is sufficient to loosen the first DW but the IEC coupling is not strong enough to move the second DW, and (iii) both the current and the coupling are strong enough to move both DWs. The first scenario is trivial, as it is essentially static. Thus, we will not discuss it in detail. The latter two scenarios are shown in Fig. 3 . To show the dragging effect we let the first, current-driven, DW start in an position behind the second, potentially dragged, DW. Forgetting about pinning for the moment, we find that both DWs will move with the same velocity in a relatively broad current regime, as can be seen in Fig. 3 . This is possible as the DWs can adjust their effective fields induced on each other by changing their distance. When they come closer, they reduce these fields which we show in Fig. 4 . When the maximum effective field H inter,max eff = |J inter | for n z = 1 is very strong, i.e., has a value on the right side of the peak in the v DW -H diagram [cf. Fig. 2 (a) ], a reduction of distance, and with it, of H inter eff yields an increase of the velocity and the DWs can match their speed. Obviously, this is only possible if the velocity of the current-driven DW does not exceed the maximum speed achievable by field-induced motion. In that case the field-driven DW cannot hold up with the current-driven DW and will lag behind. We now add pinning to the coupled motion where the pinning potential, and in particular, the positions of pinning centers, are the same for both DWs. Again, the first DW will start from a position behind the second DW and both DWs are in a local minimum of the pinning potential. Thus, without an applied current or an IEC, they rest at their according positions. In Figure 3 , we have chosen a current which is strong enough to free the first DW from its pinning center. However, only with a sufficient IEC it is possible to also move the other DW. Obviously, the coupled motion of the DWs is strongly parameter dependent. We will discuss a comprehensive picture in the next section.
IV. PARAMETER DEPENDENCIES OF COUPLED DOMAIN WALL MOTION
In this section we will show how the coupled motion of two DWs depend on the three most important parameters of our model, J inter , v s and V (0) pin . The dynamics of the DWs will be discussed by their respective long term averaged velocities v DW1 and v DW2 as well as by the velocity difference ∆v. In Fig.  5 , we show the dependence of these velocities on J inter and v s . We have put α = β in this case, which means the current driven DW experiences no WB by itself. Thus, in the unpinned and uncoupled case, the v DW1 (v s ) curve is just a straight line (cf Fig. 5a at J inter = 0). This makes it easier to see the effect of the coupling. For V (0) pin = 0, the purely interlayer exchange field-driven DW follows the generic curve of Fig. 2a almost exactly. At low currents v s , it can keep up with the speed of the first DW almost everywhere. The higher the current, the faster the first DW and the second DW can only follow at its peak velocity around J inter ≈ 0.005meV. As soon as the maximum velocity is exceeded by the first wall, the second DW is left behind which increases the effective field (cf. Fig. 4 ) and thus decreases the second DWs velocity. We find from regions where ∆v DW = 0 that both DWs move together, up to a current of v s ≈ 200m/s and slightly higher for optimal values of J inter . This broad parameter regime is only made possible by the self-adjustment of the effective interlayer exchange field explained in Fig. 4 . The introduction of pinning to the system makes the situation more complex as a finite critical v s is needed to move the first DW as well as a critical J inter to also move the second DW. Even though, the region of ∆v DW = 0 seems to be hardly changed for V (0) pin = 0.1K (cf. Fig. 5b ) it does not mean that both DWs move together in the whole parameter region. For approximately v s < 100m/s, which covers half of the ∆v DW = 0 region, both DWs do not move at all. Naturally, the second DW moves in an even smaller region, as it needs the first DW to move at all and a sufficient J inter . When both v s and J inter exceed their respective critical value, both DWs move and the picture resembles the unpinned case. A stronger pinning (Fig. 5c ) yields a slightly more unpredictable dynamics of the DWs in the vicinity of the depinning region which becomes manifest in fluctuations of the DW velocities. When we set β α, as we have done in Fig. 6 by choosing β = 4α, we introduce an additional feature -the currentinduced WB. We now find an additional peak in the DW velocity according to its v s -dependence (also cf. Fig. 2 ). The position of this peak in the uncoupled case is determined by the anisotropies 27 . However, we find a shift of this peak to higher values of v s with increasing J inter . This is because, in addition to the simplified picture drawn in Fig. 4 , the DWs do not only induce a field in z direction on each other but FIG. 5 . Velocity of first (current driven) DW v DW1 , second (dragged) DW v DW2 and velocity difference ∆v = [x DW1 (t) − x DW2 (t)]/t vs IEC J inter and spin-polarized current v s at different pinning potential strengths: first row (a) V imp = 0, second row (b) V imp = 0.1K and third row (c) V imp = 0.2K . All: β = α. For low velocities of the first DW, the second DW is able to follow the first DW due to the field-induced drag. At higher velocities v DW1 , the second DW reaches its maximum field-induced velocity. This maximum velocity cannot be enhanced by J inter as a field-induced WB occurs around J inter = 0.005meV. Finite pinning potentials require sufficiently strong spin-polarized currents v s to move the first wall and additionally sufficiently large couplings J inter to move the second DW. also contain the x, y directions [cf. also Eq. (2)]. These act as effective anisotropies and stabilize the DW motion, i.e., they prevent a precessional motion which marks the onset of the WB. Due to this stabilization both, or at least the first DW, can move faster than an uncoupled DW. This prevention of the current induced WB has also be found in artificial antiferromagnets 24, 25, 29 . Furthermore, we find, in agreement with Fig. 2 , that DWs are depinned more easily for α < β. Thus, the dynamics of coupled DWs in terms of fast movement benefits from a strong non-adiabaticity β overall. For a systematic view on the necessary coupling between the DWs to depin the DWs from their pinning potential, we show Fig. 7 . From the current-free case (Fig. 7a) we find from the ∆v DW = [x DW1 (t end ) − x DW2 (t end )]/t end 0 the region where J inter is not sufficient to move the DWs towards each other, i.e. to depin them. As the second DW is only moved by the interlayer exchange, we would naively expect this region to be the same for all currents flowing through the first DW. This turns out to be wrong as, at least for α β, the first DW is tilted 7 by the non-adiabatic STT ∝ (β−α)v s and thus the field exerted on the second DW is changed. In fact, there are finite velocities v DW2 even in regions where the DWs could not be depinned in the current-free system. We can see this even better in Fig. 8 where we plot the DW velocities vs. V (0) pin and J inter . Here, v s slightly changes the region v DW2 > 0 even for large v s . In this case, the DWs are only close to each other over a very short time. Only when the first DW passes the second one, the tilt of the first DW can be felt by the second DW and can have an effect on its depinning. All of these effects have to be considered in technical applications, particularly when DWs are close to each other, for example in systems with many DWs. Without pinning, an independent motion of DWs, and with it a reasonable manipulation of stored data, would be impossible even for very tiny IECs. Obviously, a pinning will always be present in real materials and as such will act beneficial in terms of stabilizing the FIG. 6 . Same as Fig. 5 but with β = 4α. This allows for an easier depinning of the first DW. In addition, a current induced WB occurs for the first DW, with slight impact on the second DW. Due to the IEC, the current induced WB is shifted to higher currents. stored information. The IEC will still provide a limiting factor in decreasing the distance of neighboring wires. On the other hand, on can think of several positive effects of the IEC. First, there is the suppression of the WB which allows for faster DW motion. But one could also use dedicated DWs in extra layers to provide movable distinguished positions in a wire, similar to modifiable anisotropies.
V. SUMMARY
In this work we investigated the dynamics of to coupled magnetic domain walls systematically. The DWs are coupled via an interlayer exchange which we model by a Heisenberg term. Furthermore, both DWs feel the presence of a pinning potential. Since only one DW is driven by an electric current, the other one can only be moved by the interlayer exchange.
By means of an extended Landau-Lifshitz-Gilbert equation we calculated the DWs' velocities in dependence of important parameters. We find that a dragging of the second DW is possible in a rather broad parameter range in particular for an effective interlayer exchange which is not to be confused with a strong interlayer exchange. Beside the dragging of one DW, we find the phenomenon of a suppressed Walker breakdown. Due to this, both DWs can move faster than uncoupled current-driven DWs in a certain parameter regime. This results of this work show how to possibly optimize DW dynamics in very dense, coupled DW systems.
